Abstract. The combination of oral tegafur-uracil (UFT) with leucovorin (LV) is used to treat patients with stage II to III colon cancer based on the results of postoperative randomized studies in which UFT/LV treatment showed an equivalent efficacy to intravenous 5-FU plus LV therapy. However, whether the addition of LV to UFT can elevate the antitumor activity of UFT in colorectal tumors with high expression levels of thymidylate synthase (TS), which affects 5-FU efficacy, remains to be clarified. This study investigated the effect of LV on the antitumor activity of UFT and/or 5-FU prodrugs in low folate diet-fed nude mice using human colorectal cancer xenografts with various expression levels of TS. The addition of LV to UFT resulted in a 55-79% inhibition of tumor growth among 11 types of colorectal tumor xenograft, whereas UFT alone showed 23-67% antitumor activity. Although there was an inverse relationship between the antitumor effect of UFT alone and UFT plus LV and tumoral TS activity, UFT plus LV appeared to have a more potent antitumor effect than UFT alone on colorectal tumors such as Co-3 and KM12C/5-FU with high expression levels of TS. This finding was confirmed by the significant positive correlation between the relative inhibition ratio of UFT/LV to UFT alone and TS levels in tumors. To investigate the reason for the higher efficacy of UFT/LV on colorectal cancer xenografts with high TS activity, intratumoral levels of reduced folates and a ternary complex of TS after oral UFT with or without LV were measured using Co-3 xenografts. Elevated levels of reduced folates and an increased ternary complex of TS in LV-treated tumors were noted. Our results indicate that a combined therapy of UFT with LV may contribute to the treatment of colorectal cancer patients with low and high expression levels of tumoral TS by increased formation of the ternary complex of TS leading to potentiated antitumor efficacy of UFT. More recently, the molecular-targeted drug bevacizumab, in combination with oxaliplatin-based and/or CPT-based regimens, has been shown to prolong the survival time of CRC patients. Regarding the use of oral fluoropyrimidines instead of intravenous 5-FU, UFT combined with LV and capecitabine have been shown to have equivalent efficacy to 5-FU/LV for the treatment of CRC patients, as noted in tegafur-uracil (UFT)/LV vs. 5-FU/LV (5), NSABP C-06 (6) and X-ACT (7) trials.
Introduction

5-Fluorouracil (5-FU) plus leucovorin (LV)-based chemo-
therapy is used worldwide to treat patients with colorectal cancer (CRC) in the advanced/metastatic or adjuvant setting. At present, clinically based on a 5-FU/LV regimen, the addition of oxaliplatin (oxaliplatin-based therapy) or irinotecan (CPT-11-based therapy) to 5-FU/LV has been shown to significantly improve the clinical responses and survival of CRC patients. Various combination regimens such as FLOX (1), FOLFOX 4 (2), mFOLFOX 6 (3), FOLFOX 7 (4) and FOLFIRI (3) are now available for the treatment of patients. More recently, the molecular-targeted drug bevacizumab, in combination with oxaliplatin-based and/or CPT-based regimens, has been shown to prolong the survival time of CRC patients. Regarding the use of oral fluoropyrimidines instead of intravenous 5-FU, UFT combined with LV and capecitabine have been shown to have equivalent efficacy to 5-FU/LV for the treatment of CRC patients, as noted in tegafur-uracil (UFT)/LV vs. 5-FU/LV (5), NSABP C-06 (6) and X-ACT (7) trials.
UFT is an orally active combination of tegafur (a prodrug of 5-FU) and uracil in a 1:4 molar ratio. FT is mainly metabolized to 5-FU by cytochrome P-450 in the liver, whereas uracil is a biochemical modulator of 5-FU degradation catalyzed by dihydropyrimidine dehydrogenase (DPD) and competes with 5-FU for the enzyme, resulting in significantly high and prolonged plasma 5-FU levels. In tumor cells, 5-FU is metabolized to 5-fluorouridine 5'-monophosphate (FUMP), mainly by uridine monophosphate synthetase, to yield the active form, 5-fluoro-2'-deoxyuridine 5'-monophosphate (FdUMP). FdUMP forms a ternary complex with thymidylate synthase (TS) in the presence of 5,10-methylenetetrahydrofolate (5,10-CH 2 -THF), a reduced folate, and subsequently inhibits DNA synthesis.
Therefore, TS levels and reduced folate pools in tumors may play a critical role in determining the antitumor efficacy of 5-FU. In this respect, Spears et al reported that an innate resistance to 5-FU in CRC patients receiving 5-FU was partially dependent on higher TS levels and reduced folate pools (8) . Furthermore, a number of studies have suggested that the expression levels of TS mRNA and/or TS proteins in primary colorectal tumors predict the clinical outcomes (response rates or survival) of CRC patients receiving 5-FUbased chemotherapy.
LV, as a potentiator of 5-FU efficacy, is metabolized to 5,10-CH 2 -THF via 5-CH 3 -THF in tumor cells. Since the antitumor effect of 5-FU is enhanced in the presence of abundant 5,10-CH 2 -THF as a result of a delay in the dissociation of TS from the ternary complex (9) , concomitant use of LV is considered useful when a low antitumor sensitivity of 5-FU proceeds from high TS levels in tumors.
This study was performed to clarify the relationship between TS activity in tumors and the antitumor effects of UFT or UFT/LV in colorectal cancer xenografts with various TS expression levels, and to elucidate the effect of LV in the consequent low effectiveness of 5-FU. Animals. Male BALB/c-nu/nu mice were procured from CLEA japan, Inc. The animals were given unrestricted access to radioactively (30 kgy) sterilized solid feed without folic acid supplementation (Oriental yeast Co., Ltd., japan) from the date of delivery until the final day of the experiment (10, 11) .
Materials and methods
Chemicals
Human cancer xenograft models. Tumors subcutaneously implanted and passaged in nude mice were extracted to prepare tumor fragments of ~2 mm 2 , which were then subcutaneously implanted into the right side of the back of other nude mice using a graft needle. To assess the antitumor effect, the long and short diameters of the tumors were determined, and the animals were assigned to groups in order that the tumor volume (TV), calculated using the formula i), was uniform among the groups (day 0). The drug was orally administered for 14 consecutive days from the day after grouping, and the relative tumor volume [RTV, determined using the formula ii)] and inhibition ratio of tumor growth [IR, %, determined using the formula iii)] on day 15 were calculated. The tolerated dose of UFT was considered to be 20 mg/kg/ day (12), as cachexia occurs in mice implanted with human colon tumors, whereas the dose of concomitant LV was set at 10 mg/kg/day. Similarly, the dose of capecitabine was 450 mg/ kg/day (13) . As an index of general toxicity, the animals were weighed over time. However, since a decrease in mean bodyweight change (BwC) occurred in the control group due to cachexia in the colorectal cancer xenograft model, we used the ∆BwC value obtained by subtracting the mean BwC in the control group from that in each drug group as an index for toxicity assessment.
Tumor growth delay. To assess the antitumor effect of UFT monotherapy and that of UFT/LV concomitant therapy in a xenograft model in which Co-3 tumor cells were implanted, the RTV was calculated until day 29, i.e., beyond completion of the 14-day consecutive oral administration, to assess the delay in tumor growth. Time in the experimental period was plotted on the X-axis, whereas the mean RTV values in the control, LV monotherapy, UFT monotherapy and UFT/LV concomitant therapy groups were plotted on the y-axis. Each linear function was obtained from the values of the days when the mean RTV of each group was lower or higher than 10, and the number of days on which RTV corresponded to 10 was calculated. The value obtained by subtracting the value in the control group from the RTV10 value in each drug group was used as the period of growth delay.
TS binding assay. Tumor tissues were homogenized in 10 mM
Tris buffer (pH 7.4) containing 1 mM EDTA and 0.5 mM DTT. After centrifugation at 105,000 x g for 60 min, the supernatants were collected. An aliquot of the supernatant was used to determine the soluble protein using the Bradford method (14) . TS activity was determined as the number of [6-3 H] FdUMP binding sites in the supernatant of homogenates as described by Spears et al (15) . The supernatant was incubated with [6- 3 H]FdUMP in the presence of excess CH 2 FH 4 for 20 min at 30˚C, and the radioactivity in the acid-insoluble fraction was measured using a liquid scintillation counter.
TP assay. The thymidine phosphorylase (TP) assay was performed using the supernatant prepared in the TS assay. The reaction mixture (125 µl) for the assay of enzyme activity contained 100 mM potassium phosphate (pH 7.4), 10 µM BAU, 400 nM [methyl-
3 H]-thymidine, and the supernatant of homogenates. The reaction was carried out at 37˚C for 10 min and then terminated by the addition of 375 µl of methanol. After removal of the precipitate using filtration, the reaction mixture was dried and dissolved in distilled water (100 µl). The solution (940 µl) was applied to a high-performance liquid chromatography (HPLC) column (TSK-gEL ODS-100V). The solvent system used was: solvent A, water:acetonitrile (95.5:4.5); solvent B, acetonitrile. The elution gradient used was: 0% B for 8.5 min, 0-100% in 0.5 min, 100% B for 2.5 min, 100-0% B in 0.5 min and 0% B for 12.0 min. The solvent flow rate was 1.0 ml/min. The amount of thymidine converted to thymine was measured using a radio-HPLC detector. TP activity was expressed as pmol of thymine converted/mg of protein/min.
Folate assay. LV 10 mg/kg was administered to nude mice implanted with Co-3 tumor cells and fed a low folate diet. The tumor tissue was collected after 24 h, frozen in liquid nitrogen immediately and stored at -80˚C until the start of the measurement procedure. Reduced folate (5,10-CH 2 FH 4 + FH 4 ) was determined by a modified TS-FdUMP binding assay in which human recombinant TS was added to the reaction system (16) .
Immunological detection of thymidylate synthase-FdUMP-5,10-methylenetetrahydrofolate ternary complex with anti-human TS polyclonal antibody. The amount of TS ternary complex formed and the amount of free TS in the tumor tissues after drug administration was measured using western blotting (17, 18) . UFT 20 mg/kg alone or UFT 20 mg/kg combined with LV 10 mg/kg was administered to nude mice implanted with Co-3 tumor cells and fed a low folate diet. The tumor tissue was collected after 24 h, frozen in liquid nitrogen immediately and stored at -80˚C until the start of the measurement procedure. The tumor tissue was homogenized and electrophoresed on SDS-polyacrylamide, then transferred to a PVDF membrane. The reaction was performed using anti-human TS rabbit polyclonal antibody (prepared by Taiho Pharmaceutical Co., Ltd.) and HRP-conjugated anti-rabbit Igg goat polyclonal antibody as the primary and secondary antibodies, respectively. The bands were detected by electrochemiluminescence. The free TS and TS ternary complexes were detected at 36 and 38.5 kDa, respectively.
Statistical analysis.
To assess the antitumor effect of each drug, the F test, the Student's t-test, the Aspin-welch t-test and Dunnett's test were used, using SAS Version 8.02, EXSAS Version 7.11 and Microsoft Excel 2000 SR-1 with windows 2000. For the analysis of antitumor effects and TS and TP activities, Pearson's correlation coefficients were determined using the jMP Version 7 with windows 2000.
Results
Antitumor activity of 5-FU prodrugs with or without LV.
The antitumor effects of UFT, UFT/LV and capecitabine were assessed for 11 types of colorectal cancer xenograft in mice. Since the tolerated dose of each drug was assumed to be decreased as a result of cachexia (attributable to the implantation of colorectal cancer), the tolerated doses of UFT, UFT/LV and capecitabine were reduced by common ratios of 1.2 to 20, 20/10 and 450 mg/kg/day, respectively, for a 14-day consecutive oral administration. At 24 h after the final administration (day 15), the tumor diameters were determined, and TV and IR were calculated (Table I) . Since the ∆BwC in each drug group was higher than -20% during the experimental period, the toxicity of each drug was within the tolerated range and did not interfere with assessment of the antitumor effect (data not shown). The IR observed with UFT monotherapy was 22.8-66.7%. with an IR of ≥50% considered to be effective, this treatment was effective against 6/11 cell lines (54.5%). On the other hand, the IR achieved with UFT/ LV concomitant therapy was 55.1-78.8%, with efficacy against Table I . The antitumor activity of fluoropyrimidines against human colon cancer xenografts in mice. 11/11 cell lines (100%). when LV was used concomitantly, the antitumor effect of UFT was significantly enhanced for 10 of the 11 cell lines (91%), demonstrating a high antitumor effect. The IR of capecitabine was 17.7-76.6%, with efficacy against 4/11 cell lines (36.4%). Although the three drugs are oral fluoropyrimidine anticancer drugs, differences among them were noted with respect to the sensitivity of each tumor cell type.
IR (%)
Tumor growth delay after treatment. The growth delay achieved using UFT and UFT/LV was assessed in the Co-3 xenograft model. After 14 days of continuous oral administration of LV at 10 mg/kg/day, UFT at 20 mg/kg/day or UFT/ LV at 20/10 mg/kg/day, the tumor diameters were determined two or three times a week until day 29 (the final day of assessment), and the duration until RTV reached 10 was calculated for each group. The durations achieved in the control, LV, UFT and UFT/LV groups were 8.68, 8.75, 13.81 and 17.25 days, respectively. The period of growth delay was prolonged by 5.14 days and 8.57 days in the UFT and UFT/LV groups, respectively, indicating that concomitant LV delayed tumor growth in comparison with UFT monotherapy (Fig. 1) .
TS expression and its relationship to antitumor sensitivity of 5-FU prodrugs.
For further analysis of the antitumor effect of each drug, the TS activities of the 11 cell lines used in the drug efficacy study were determined in the tumor tissues of the control group. Since it has been reported that, in the case of capecitabine, the stage of activation by TP affects the expression of the antitumor effect (13), TP activity was also determined (Fig. 2) . The correlations between the sensitivities of each xenograft to UFT and UFT/LV and intratumor TS activity were determined. The antitumor effects of UFT and UFT/LV exhibited significant negative correlations with TS activity, although the correlation observed with UFT (r=-0.862) was stronger than that observed with UFT/LV (r=-0.713) (Fig. 3) . The effects of UFT and UFT/LV thus depended on intratumor TS activity, although modulation of the effect was less pronounced with concomitant LV. On the other hand, the antitumor effect of capecitabine exhibited a significant positive correlation with log TP/TS activity ratio (r=0.705, p=0.015). This finding indicated that both TP and TS activity in the tumor tissue determined the antitumor effect of capecitabine.
Ternary complex formation in tumor tissues after drug treatment.
Following the administration of LV to Co-3 xenografts exhibiting high intratumor TS activity, the level of reduced folate increased in the tumor tissue (Fig. 4A) . The TS ternary complex and free TS in tumor tissues following the administration of each drug were detected using western blotting with anti-human TS polyclonal antibody. After concomitant administration of UFT and LV, the amount of ternary complex in the tumor tissue was increased compared with that observed following administration of UFT alone. Furthermore, a decrease in free TS was observed (Fig. 4B) .
Correlation between the IR of UFT/LV to UFT and tumoral TS activities. when the increase in the effect of UFT caused
by the concomitant administration of LV was represented by the IR for UFT/LV to that for UFT alone, the IR was found to be significantly correlated with TS activity in the tumor tissue, indicating that concomitant LV was more effective against tumors with a high TS activity (Fig. 5 ).
Discussion
we demonstrated that UFT/LV concomitant therapy was more effective than UFT monotherapy against colorectal tumors with high TS enzyme activity.
As a first step, we used mice that were fed a low folate diet and implanted with 11 different colorectal cancer cell types in order to investigate the antitumor effects of UFT, UFT/LV and capecitabine employed in the chemotherapy of colorectal cancer, and their relationships to TS activity in tumors (Table I) . Differences were noted in the fluoropyrimidine sensitivity of the different cell lines when using these drugs. when LV was concomitantly administered with UFT, the antitumor effect of UFT was significantly enhanced in 10/11 cell lines. when delay in growth of the Co-3 cell line was assessed, tumor growth was found to be delayed more by the combination UFT/LV than by UFT alone (Fig. 1) . These findings confirmed that concomitant LV increases the antitumor effect of UFT, resulting in a marked antitumor effect (12) .
TS is a key enzyme and plays an important role in de novo DNA synthesis and cell proliferation. Accordingly, it is an important target for fluoropyrimidine drugs, including 5-FU, in the treatment of colorectal cancer and other tumors. UFT is known to exert cytotoxic effects by acting on both RNA and DNA after its conversion to 5-FU and metabolism in vivo. The cytocidal effect of 5-FU mediated via the inhibition of Figure 1 . The antitumor effects of UFT and UFT/LV against Co-3 tumor xenografts, as well as the effects of the maximum tested doses of UFT and leucovorin, administered alone or in combination, against Co-3 human colon cancer xenografts are shown. BALB/c-nu/nu mice (n=6/group) were implanted subcutaneously with Co-3 cancer fragments and the treatments were initiated when the mice had tumors of 100-130 mm 3 . Leucovorin (10 mg/kg/day, △) and UFT (20 mg/kg/day, •) were administered orally on a qd x 14 schedule either alone or in combination (▲). The changes in mean tumor volume were recorded over time and are expressed as the mean ± SD. TS is considered particularly important in continuous treatment with concomitant LV or UFT monotherapy. Increase in TS activity as a result of TS gene transcription and enhanced mRNA translation has thus attracted attention as a mechanism of acquired drug resistance, as noted in numerous basic and clinical studies. johnston et al reported that the IC 50 value of 5-FU exhibited a significant correlation (r 2 =0.94, p=0.01) with the level of FdUMP binding in 5-FU-resistant colorectal cancer cells (NCI H630-R1 and H630-R10) and 5-FUinsensitive colorectal cancer cell lines (HCT116, SNU-C1 and SNU-C4) (19) . The correlations between the IC 50 values of 5-FU and 5-FU/LV and the catalytic activity of TS were also examined in 13 types of colorectal cancer cells by van Triest et al, who reported significant correlations with coefficients of r=0.68 (p=0.01) and r=0.62 (p=0.02), respectively (20) . In our in vivo study, the coefficients of correlation between IR and TS binding activity for UFT and UFT/LV were r=-0.862 (p=0.0006) and r=-0.713 (p=0.014), respectively. However, the degree of correlation decreased and the effect of TS expression was less in the LV-concomitant group, indicating that concomitant therapy achieved comparatively more marked effects against tumors with high levels of TS expression (Fig. 3) .
Numerous studies reported on the correlation between the level of TS protein or mRNA expression in metastatic lesions and tumor responses to them (21-31). Aschele et al (22) and Cascinu et al (23) classified TS expression in the metastatic region of tumors as low or high expression by immunohistochemistry (IHC), and examined the ratios of complete (CR) and partial response (PR) with 5-FU-based chemotherapy as a first-line treatment.
On the other hand, another study examined TS expression in tumor tissues (IHC) after curative resection and survival with regard to the amount of TS expression in the primary lesion and prognosis. The overall survival of TS-negative colon cancer patients was found to be significantly longer. 
A B
Furthermore, the difference in survival of TS-negative colon cancer patients receiving or not receiving chemotherapy was negligible in the case of adjuvant therapy based on 5-FU, whereas the survival of TS-positive colon cancer patients was significantly longer if chemotherapy was performed (32) . In a study that examined the level of gene expression in primary lesions, a significant correlation was observed between the decrease in metastatic lesion size and prolongation of survival when the level of TS mRNA expression in tumors was below the cut-off value categorized as either responding or not responding to a regimen of UFT and LV, even in primary tumors (33) . As noted above, TS expression in the tumor tissue strongly modulates not only advanced cancer but also the effects of adjuvant therapy based on 5-FU. A high TS expression was shown to be a cause of the lower sensitivity to fluoropyrimidine drugs in clinical practice. 
Using the same experimental system, we also examined the relationship between the antitumor effect of capecitabine employed in the chemotherapy of colorectal cancer involving agents such as UFT and UFT/LV and intratumor TS activity. Ishikawa et al previously analyzed the TP and DPD activities in tumors, and reported that the intratumor TP/DPD activity ratio showed a positive correlation with the antitumor effect of capecitabine in a xenograft model (13) . Our findings showed a strong correlation between the antitumor effect of capecitabine and TP/TS activity ratio, indicating that this ratio determines the antitumor effect of capecitabine. In addition to TP activity, TS activity in tumor tissues also determines the antitumor effect of this agent.
The present study examined the mechanism of the effects of concomitant LV administration with UFT using Co-3 xenografts with high expression levels of TS. when LV was administered, the level of reduced folate in Co-3 tumors markedly increased (Fig. 4A) , and, compared with UFT alone, this increase appeared to promote intratumor TS ternary complex formation in combination with UFT/LV (9). It appears that this promotion of ternary complex formation by LV subsequently decreased the level of free TS in the tumor and increased sensitivity to fluoropyrimidine drugs (Fig. 4B) . Unlike approaches involving a decrease in the TS expression itself by use of other concomitant drugs, including gefitinib and HDACI, the concomitant administration of LV is likely to be effective not only against the high expression of TS induced by 5-FU administration but also against tumors with a high TS expression due to factors such as gene amplification (19) , as well as in colorectal cancer patients exhibiting a decreased rate of TS inhibition attributable to a decrease in the tumor levels of 5,10-CH 2 -FH 4 (8) .
Concomitant use of a drug to reduce TS expression has been reported as a method of treatment for tumors with high intratumor TS activity. Lee et al (34) showed that exposure of a 5-FU-resistant gastric cancer cell line, SNU-484, to a low concentration of the HDAC inhibitor trichostatin A did not inhibit cell growth if it was applied alone, and demonstrated a decrease in TS protein expression. The authors also demonstrated that the cell growth inhibitory effect was significantly increased by sequential exposure to 5-FU in comparison with the single exposure to 5-FU. Regarding the regulation of TS cytotoxic drugs, wada et al (35) and Takiuchi et al (36) have also demonstrated that docetaxel (TXT) and irinotecan (CPT-11), down-regulate TS activity in gastric cancer cells with high expression levels of TS, thereby augmenting the antitumor activity in combination with the 5-FU prodrug S-1 (combined form of tegafur, gimeracil and oteracil). The combination of S-1 with CPT-11 in particular was proven to be clinically effective in gastric cancer patients with high TS levels, whereas S-1 alone did not show a similar efficacy in such patients (36) . These findings indicate that it is possible to modulate the effects of fluoropyrimidine drugs by decreasing TS, a target enzyme of 5-FU.
In conclusion, the findings of this study suggest that UFT/LV concomitant therapy can achieve strong antitumor effects against various types of tumors with a high TS expression and low 5-FU sensitivity by decreasing free TS levels through the promotion of ternary complex formation in tumor tissues. UFT/LV concomitant therapy is thus anticipated to be extremely useful, particularly in colorectal cancer patients with high TS activity.
